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ABSTRACT 
In this study, material characteristics of glass mosaic tesserae from Antandros ancient city, western Turkey, 
were investigated. The main objective of this study was to determine the compositional group of the glass 
tesserae. Their color, mineralogical, chemical and microstructural characteristics were determined using 
colorimeter, x-ray diffraction, x-ray fluorescence and scanning electron microscope. The results show that all 
the Antandros glasses were produced by using coastal sand as Levantine I glasses and exhibit similar 
compositions with natron type glasses (Roman type glasses), except for lower natron levels. Lower natron 
levels indicate that Antandros mosaic glass may have been produced in 7th century AD or natron may have 
been provided from a new flux source due to the shortage of Egyptian mineral soda or due to economic 
reasons glass manufacturers succeeded to produce same glass with low flux addition. Antandros glass 
tesserae were all opacified with antimony oxides and colored with transition metal oxides which are 
common used in Roman Period.  
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1. INTRODUCTION 
Glass was first produced in Mesopotamia around 
2500 BC and was developed through to the Roman 
Period. In the Roman Period, a base glass batch con-
sisted of sand as the source of silica and natron (so-
da) as flux. Silica and calcium carbonate containing 
sand was preferred and natron was used from the 
early-mid 1st millennium BC to the 9th century AD 
before the plant ash was used. It was obtained from 
the Wadi Natrun in Northern Egypt (Bimson and 
Freestone, 1988; Brill and Cahill, 1988; Lilyquist et 
al., 1993; Sayre and Smith, 1961). In the Roman Peri-
od glasses, had quite high Na2O contents (16-20%). 
The drop-in soda contents start from the Late-
Roman/Byzantine Period onwards. From the early 
Islamic Period, plant ash was used as alkaline flux in 
the glass batch instead of natron because of availabil-
ity (Henderson, 1985). The glass was first produced 
in primary production centres, which were located 
near the sand and natron sources in Egypt (Sayre 
and Smith, 1961). The produced base glass was then 
distributed to secondary (local) glass workshops 
where additives (opacifiers and colorants) were in-
troduced and glass was worked into a final product 
(Freestone et al., 2002). 
During secondary production, glass was opacified 
using calcium or lead antimonate from about 1500 
BC until antimony sources were depleted at the end 
of the Roman Period (Fiori et al., 2003). Opacification 
relies on two processes; addition of ex situ synthe-
sized crystals to the raw glass or addition of raw 
compounds that lead to in situ crystallization of 
opacifying crystals in the glass melt (Lahlil et al., 
2010b; Verita, 2000). Glass was colored by chromo-
phore elements and opacifiers as coloring agent. Co-
balt and copper oxides were used to obtain blue, 
green, purple and red colors in ancient glasses (Mirti 
et al., 2002; Newton and Davison, 1989). Iron oxide 
presented as natural traces in the sand however, it 
was also added intentionally to obtain different col-
ors. Manganese oxide gives purple color to the glass 
and it was used as a de-colorant and combined with 
iron and cobalt to produce black and brown colors.  
Throughout history, glass has been used as beads, 
bottles, vessels, windowpanes, and mosaic tesserae. 
Most of the studies concerning ancient glass compo-
sitions are about glasses that were originated from 
Hellenistic to Late Byzantine Period and they report-
ed the origin and production technologies of glass 
and its raw materials, colorants and opacifiers 
(Arletti et al., 2006b; Brill, 1968; Fiori, 2015; 
Freestone, 1987; Henderson, 1988; Möncke et al., 
2014; Rehren and Freestone, 2015; Sayre and Smith, 
1961; Schibille, 2011; Shortland and Tite, 2000; 
Silvestri et al., 2011; Turner, 1956). In Turkey, there 
are few studies concerning glass compositions. Brill 
(1999), investigated early glass compositions and 
prepared a catalogue including glass compositions 
from Sardis in western Anatolia and Aphrodisias in 
southwestern Anatolia. Uhlir et al., (2006), investi-
gated compositions of glass objects from the Late 
Hellenistic to Late Byzantine period at Terrace 
House I, Ephesus in western Anatolia. Schibille, 
(2011), provided chemical and technological data of 
Byzantine glass production, and collected chemical 
data from Pergamon in northwestern Anatolia. 
Schibille et al., (2012), also determined the origin, 
and production technology of Byzantine glass tes-
serae from Sagalasos, in southwestern Anatolia. 
Rehren et al., (2015), reports compositional data of 
Roman glass from Pergamon Turkey. 
In addition, Lauwers et al., (2007) studied local 
glass workshops in Anatolia. They determined the 
local glass workshops that built during the late Ro-
man and Byzantine Periods in Turkey according to 
previous studies (Figure 1). 
Although there are only a few studies concerning 
glass compositions in Turkey, there is still a lack of 
analytical data concerning the production technolo-
gy and compositions of mosaic glass tesserae from 
Anatolia. This study presents the chemical data of 
glass tesserae found during excavations of Antan-
dros Ancient City, Turkey. The aim of the study is to 
determine the compositional groups of the mosaic 
glass to contribute to the analytical data of the an-
cient glasses found in Turkey. 
2. ARCHEOLOGICAL BACKGROUND 
Antandros was located on the top and western 
slopes of Dervent Hill (Kaletaşı Hill), at an altitude 
of 215 m, descending steeply down to Adramyttion 
(Edremit) Gulf in western Turkey (Figure 1). Antan-
dros was an imported city of the ancient Torad Re-
gion, it was a harbour city and famous for its dock-
yards. Strabo, 2000, mentions a harbour in Antan-
dros, called Aspaneus where timber was exported. 
The city dates back from late 6th century BC to Byz-
antine Period. After Arab invasions in 6th century 
AD, a new settlement was established in Antandros 
and the city became a Bishopric Centre (Quien M. 
Le, 1958). It was completely abandoned in 14th cen-
tury. In 1989, the area was zoned for housing and 
graves (Necropolis) were found and salvage excava-
tions were started in 1991 (Yalman, 1993). In 2001, 
archaeological excavations started and a Roman Ter-
race House, with its bath complex was found. 
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Figure 1. Late Roman and Byzantine Periods secondary 
glass production sites in Anatolia and Location of 
Antandros 
Terrace House was built in early 4th century AD 
and it was used until the 6th -7th centuries AD. The 
House was similar to Roman Terraced House typol-
ogy due to its rows of spaces on one side of the por-
tico (Smith, 1997). The house was oriented from east 
to west. It has a rectangular plan and an adjacent 
bath complex at the south east of the house (Figure 
2). There were a portico and a kriptoportico (upper 
portico). The portico was located on the sea side of 
the house with 32.90×4.30 m dimensions and its floor 
was covered with well-preserved mosaics. There 
were six rooms at the north and a latrine (toilet) to 
the east of the portico. Two of the six adjacent rooms 
were triclinia used in summer and winter (welcom-
ing spaces) and one room decorated with well-
preserved floor mosaics (Figure 1). 
 
Figure 2. Plan of the Terrace House and the spaces covered with mosaics 
 
On the south-east corner of the portico there is a 
stair reaching to the bath with circular steps. Spatial 
characteristics of the bath were altered due to usage 
changes and deformations in the past (Polat et al., 
2007). Apodyterium (dressing room-space 7) is situat-
ed at the west of the bath, it has a rectangular form 
with 11.63×3.40 m dimensions. Floor of the apodyter-
ium is covered with mosaics and the on walls there 
are remains of wall paintings (Figure 2). Tepidarium 
(warm space-space 8), is situated at the south of apo-
dyterium, it has rectangular form with 6.20×4.15 m 
dimensions. There is an opening between apodyter-
ium and tepidarium to provide connection. Mortar 
traces of sectile mosaics are observed on the floor of 
tepidarium. Two natationes (pool) situated at the west 
of the tepidarium and they are in square form with 
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2×2.30 m. Calidarium (hot space-space 9) is situated 
at the east of the apodyterium, it has rectangular form 
with 3.5×4.15 m dimensions. At the south of the cali-
darium there is an alveus (hot water pool). Floor of 
the calidarium was elevated due to the renewing of 
the hypocaust system. Praefurnium (furnace-space 
10) of the bath is situated north of the calidarium, it 
has a square form with 1.95×2.90 m dimensions 
which was converted into a furnace. There is another 
space (space 11) situated at the north of the apodyter-
ium, it has rectangular form with 5.30 m width 
(Polat, 2002; Polat et al., 2007; Polat and Polat, 2005). 
In Roman times, the size of the house, style, deco-
ration of the house was related with the social class 
of the owner. The most important rooms were deco-
rated with mosaic pavements. Mosaic patterns were 
designed according to the function of the space. Mo-
saic pavements give clues to the date, technique, 
craftsmen, and the use of the room and the function 
of the house. 
3. MATERIALS AND METHODS 
In this study, eighteen opaque colored glass tesserae 
were chosen from broken mosaics of the portico and 
kriptoportico of the terrace house. Samples were la-
belled with the first one or two letters of their colors. 
(Table 1). The tesserae contain yellow, green, cyan, 
turquoise, blue, light brown, dark red, black and 
white colors. All tesserae are opaque except one 
semi-opaque blue and one semi-opaque white tes-
serae. They were all preserved with minor surface 
pitting and corrosion. All the analysis was carried 
out after weathering layers were removed and sam-
ples were washed with distilled water and dried at 
60°C in an oven. Color measurements were done 
with washed samples. For the X-Ray Fluorescence 
(XRF) and X-ray Diffraction analysis (XRD), small 
fragments were taken from each tesserae and 
ground into fine powder. For Scanning Electron Mi-
croscope Analysis (SEM), small sections were cut 
and left uncoated. 
 
Table 1. Glass tesserae samples 
Name Transparency Photo Name Transparency Photo Name Transparency Photo 
Y Opaque 
 
T1 Opaque 
 
Bv-O Opaque 
 
Lg Opaque 
 
T2 Opaque 
 
Bv-So Semi-Opaque 
 
Dg1 Opaque 
 
Dt Opaque 
 
Lbr Opaque 
 
Dg2 Opaque 
 
C1 Opaque 
 
W Semi-Opaque 
 
G1 Opaque 
 
C2 Opaque 
 
Dr Opaque 
 
G2 Opaque 
 
Lb Opaque 
 
B Opaque 
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In the experimental stage of this study, colors of 
the tesserae were identified by using a colorimetric 
measurement instrument (Avantes) by Avasoft 6.2. 
Measurements were conducted on homogenous flat 
and smooth surface with 4mm diameter spot size, 
D65 daylight illuminant and 10° observer. Results 
are expressed by colorimetric coordinates (L, a, b, C, 
h, X, Y, Z) in the CIEL *a*b color space system based 
on Commission Internationale de I’ Eclairage colors. 
The L*, a* and b* values were converted into RGB 
values with an online “Color Calculator” program 
(www.easyrgb.com) and expressed on the coordi-
nate system with CIELab (L*a*b) color sphere using 
Microsoft Office Excel 2012 and Adobe Photoshop 
CS4 software. In this color system L* is the lightness 
factor (L*=0 black; L*=100 white), a* is the value be-
tween green and red (-a*= green; +a*=red), and b* is 
the value between blue and yellow (-b*=blue; 
+b*=yellow) (CIE). 
Major and minor elements of tesserae were identi-
fied by XRF (Ali and Abd-allah, 2015; Arinat et al., 
2014). Analysis were carried out on powdered sam-
ples using a Spectro IQ-II on melt tablets with 0.01% 
detection limit. Powdered samples were dried at 
105°C and calcinated at 1000°C, then they were di-
luted with lithium tetra borate by Materials Research 
Center in Izmir Institute of Technology.  
X-Ray diffraction analysis were performed on 
powdered samples to determine the crystalline 
phases with Philips X-Pert Pro X-Ray Diffactrometer. 
The spectra were collected at 40 kV and 40mA from 
5° to 60° with 2θ and processed by using Philips X-
Pert Pro Software. 
Microstructural characteristics of glass tesserae 
were determined using Philips XL 30S FEG scanning 
Electron Microscope (SEM) equipped with X-Ray 
Energy Dispersive System (EDS) located at the Izmir 
Institute of Technology Center for Materials Re-
search, Turkey. Backscattered images (BSE) were 
taken at 15-20 kV accelerating voltage with a beam 
size from 2µm to 500µm. 
In general, mosaic glass tesserae show composi-
tional homogeneity, such as bands or mineral inclu-
sions besides the opacifiers and colorants. For this 
reason, analysis was carried out on both SEM-EDS to 
match the micro texture with the chemical composi-
tion. For more precise elemental compositional data 
XRF analysis were carried out. In addition, to identi-
fy the crystal shape of opacifiers SEM-EDS analysis 
were done. 
4. RESULTS AND DISCUSSION 
Surface colour properties of the glass tesserae were 
determined and expressed using colorimetric coor-
dinates (L*, a*, b*, C*, h, X, Y, Z) in the CIEL*a*b* 
colour space system. Colours were determined, to 
the high and low positions of positive and negative 
values of *a and b* values of CIEL*a*b* colour space 
system, as black, red, brown, yellow, green, blue, 
cyan, turquoise, white and their shades (Figure 3). 
 
Figure 3. Colours of the samples in CIELa*b* color space 
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Only the green, blue and turquoise glasses have 
different shades of color. Green glasses are two green, 
light green and two dark green. Blue glasses are one 
light blue and two dark blue. Turquoise glasses are 
one light turquoise, one turquoise and one dark tur-
quoise. The L*, a*, b*, C and h values and coloring 
agents of the tesserae are given in Table 2. 
High positive b*values and low positive a* values 
correspond to yellow glass containing high lead and 
low antimony contents. Green samples have variable 
positive b* values and low negative a* values that 
are distinguished by both high lead and high copper 
contents. A significant number of tesserae have vari-
able negative b* and a* values that have high anti-
mony and low lead contents these are cyan, tur-
quoise and blue samples. Dark red sample has dis-
tinctive high positive a* and b* values that are dis-
tinguished with high iron content. Brown and black 
samples have weak positive b* and a* values ~1, 
whereas brown contains high antimony and black 
contains high Fe2O3 ( 
Table 2). 
 
Table 2. Colorimetric coordinates, opacifiers and colorants of the glass tesserae. 
Name-
Colour 
Colorimetric Coordinates Elements 
O
p
a
ci
fi
e
r 
C
o
lo
ra
n
t 
L a b C h Sb2O5 ZnO CoO MnO CuO PbO Fe2O3 
Y 
Yellow 
64.73 2.6 50.21 50.28 87.03 1.02% 0.03% 0.01% 0.40% 0.49% 19.3% 0.85% 
P
b
-a
n
ti
m
o
n
y
 (
P
b
2
S
b
2
O
7
) 
 
PbO 
Lg 
Light 
Green 
57.95 
-
11.69 
23.03 25.83 116.92 0.83% 0.03% 0.01% 0.42% 0.88% 22.6% 1.02% 
PbO+ 
CuO 
Dg1 
Dark 
Green 
37.03 
-
15.01 
5.63 16.04 159.43 0.64% 0.38% 0.01% 0.73% 2.65% 6.61% 0.80% 
Dg2 
Dark 
Green 
35.49 -9.95 0.06 9.95 179.65 0.58% 0.04% _ 0.46% 1.80% 16.2% 0.71% 
G1 
Green 
43.57 
-
21.19 
16.54 26.88 142.03 0.86% 0.03% 0.01% 0.50% 2.39% 18.9% 0.85% 
G2 
Green 
43.73 
-
16.81 
15.71 10.59 136.93 0.77% 0.03% _ 0.48% 1.70% 17.4% 0.82% 
T1 
Turquoise 
51.13 -9.5 -4.18 10.38 203.77 3.46% 0.03% _ 0.50% 3.25% 0.06% 0.69% 
C
a-
an
ti
m
o
n
y
 (
C
aS
b
2
O
6
) 
 
CuO+ 
CoO 
T2 
Turquoise 
60.12 
-
10.77 
-6.69 12.68 211.86 3.44% 0.02% _ 0.39% 0.74% 0.09% 0.49% 
Dt 
Dark Tur-
quoise 
29.76 -4.79 -8.26 9.55 239.91 1.41% 0.02% _ 0.49% 2.56% 0.13% 0.57% 
C1 
Cyan 
59.89 -5.32 3.34 6.28 147.92 4.07% 0.01% _ 0.49% 0.35% 0.29% 0.79% 
C2 
Cyan 
62.45 -3.74 -1.1 3.9 196.47 4.22% _ 0.01% 0.50% 0.30% 0.35% 0.75% 
Lb 
Light Blue 
54.16 -0.81 -1.71 1.89 244.57 3.26% _ 0.02% 0.46% 0.07% 0.27% 0.59% 
CoO 
Bv-O 
Dark Blue 
23.47 2.36 -9.68 9.96 283.72 4.27% _ 0.11% 0.36% 0.16% 0.18% 1.11% 
Bv-So 
Dark Blue 
17.64 6.21 
-
16.46 
17.59 290.66 2.03% _ 0.07% 0.41% 0.10% 0.04% 0.85% 
Lbr 
Light 
Brown 
57.34 2.9 2.72 3.98 43.2 3.10% _ _ 2.38% 0.04% 0.05% 0.54% MnO 
W 
White 
80.21 1.69 8.25 8.42 78.46 1.68% 0.01% _ 0.07% 0.02% 0.19 0.44% C
a-
an
ti
-
m
o
n
y
 
B 
Black 
30.32 1.64 1.87 2.48 48.84 _ _ _ 0.05% _ _ 5.61% -- Fe2O3 
Dr 
Dark Red 
35.77 10.81 7.18 12.97 33.6 0.59% 0.02% _ 0.65% 1.07% 2.00% 3.81% 
Iron 
oxides, 
copper 
oxides 
CuO. 
Fe2O3 
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Table 3. Major elements of glass tesserae by XRF in wt % of the oxides 
Sample1 
Elements Y Lg Dg1 Dg2 G1 G2 T1 T2 Dt C1 C2 Lb Bv-O Bv-SO Lbr W B Dr 
SiO2 59.18±0.07 
56.05± 
0.07 
66.27± 
0.08 
60.78±0.07 
58.37± 
0.07 
59.29± 
0.07 
69.08± 
0.08 
71.95± 
0.08 
71.57± 
0.08 
69.99± 
0.08 
70.22± 
0.05 
72.05± 
0.08 
69.78± 
0.08 
72.51±0.08 
69.90± 
0.08 
76.21± 
0.08 
65.96± 
0.05 
68.55± 
0.08 
Na2O 6.27± 0.08 
5.90± 
0.08 
6.70± 
0.073 
6.25± 
0.076 
5.67± 
0.075 
6.18± 
0.077 
6.83± 
0.07 
7.75± 
0.074 
7.49± 
0.072 
7.39± 
0.073 
7.61± 
0.074 
8.08± 
0.075 
6.98± 
0.07 
8.50± 
0.075 
7.66± 
0.075 
8.35± 
0.075 
10.51± 
0.08 
7.07± 
0.073 
CaO 
6.81± 
0.027 
6.73± 
0.028 
9.17± 
0.027 
7.38± 
0.027 
6.69± 
0.027 
7.51± 
0.028 
8.76± 
0.026 
7.96± 
0.025 
8.92± 
0.025 
8.22± 
0.028 
7.97± 
0.028 
7.61± 
0.026 
9.59± 
0.027 
8.64± 
0.025 
9.05± 
0.026 
6.92± 
0.022 
7.39± 
0.015 
9.06± 
0.025 
Al2O3 
2.31± 
0.016 
2.14± 
0.016 
2.57± 
0.015 
2.26± 
0.015 
2.21± 
0.015 
2.30± 
0.016 
2.56± 
0.015 
2.41± 
0.014 
2.50± 
0.015 
2.76± 
0.015 
2.49± 
0.015 
2.38± 
0.014 
2.77± 
0.015 
2.45± 
0.014  
2.51± 
0.014 
2.14± 
0.014 
3.13± 
0.016 
2.81± 
0.015 
MgO 
0.99± 
0.017 
0.98± 
0.018 
1.11± 
0.016 
1.01± 
0.017 
0.94± 
0.017 
0.99± 
0.017 
1.12± 
0.015 
1.15± 
0.015 
1.15± 
0.015 
1.25± 
0.015 
1.19± 
0.015 
1.17± 
0.015 
1.17± 
0.015 
1.17± 
0.014 
1.18± 
0.015 
1.13± 
0.014 
2.22± 
0.027 
1.20± 
0.015 
K2O 
0.33± 
0.013 
0.26± 
0.014 
0.57± 
0.011 
0.37± 
0.013 
0.30± 
0.013 
0.35± 
0.013 
0.62± 
0.01 
0.56± 
0.01 
0.59± 0.01 
0.62± 
0.011 
0.57± 
0.011 
0.84± 
0.0092 
0.51± 
0.0099 
0.69± 
0.011 
0.67± 
0.01 
0.43± 
0.0099 
0.49± 
0.0078 
0.64± 
0.011 
P2O5 
0.48± 
0.0061 
0.51± 
0.0064 
0.34± 
0.0046 
0.42± 
0.0055 
0.46± 
0.058 
0.43± 
0.0057 
0.23± 
0.0039 
0.23± 
0.0039 
0.23± 
0.0039 
0.27± 
0.004 
0.26± 
0.004 
0.25± 
0.0039 
0.23± 
0.0038 
0.24± 
0.0039 
0.28± 
0.0039 
0.17± 
0.0038 
0.16± 
0.0018 
0.31± 
0.004 
SO3 _ _ 
0.28± 
0.0087 
_ _ _ 
0.98± 
0.0037 
0.97± 
0.0036 
0.47± 
0.0027 
1.22± 
0.004 
1.17± 
0.004 
0.92± 
0.0039 
1.05± 
0.004 
0.65± 
0.003 
0.75± 
0.0032 
0.50± 
0.0027 
0.23± 
0.0009 
0.37± 
0.0048 
Cl 
0.69± 
0.002 
0.65± 
0.0021 
0.85± 
0.0017 
0.75± 
0.0019 
0.64± 
0.019 
0.77± 
0.002 
0.98± 
0.0017 
1.03± 
0.002 
1.09± 
0.002 
0.99± 
0.0017 
0.98± 
0.0017 
1.04± 
0.002 
0.74± 
0.0014 
0.95± 
0.0017 
0.99± 
0.0017 
1.11± 
0.002 
0.55± 
0.0011 
0.97± 
0.0017 
TiO2 
0.10± 
0.0044 
0.11± 
0.0044 
0.12± 
0.0037 
0.12± 
0.0041 
0.11± 
0.042 
0.13± 
0.0042 
0.14± 
0.0041 
0.12± 
0.004 
0.12± 
0.0039 
0.13± 
0.0043 
0.11± 
0.0042 
0.09± 
0.0042 
0.12± 
0.0039 
0.14± 
0.0039 
0.12± 
0.0041 
0.12± 
0.0039 
0.08± 
0.0017 
0.14± 
0.0037 
MnO 
0.40± 
0.0073 
0.42± 
0.0078 
0.73± 
0.0069 
0.46± 
0.0069 
0.50± 
0.072 
0.48± 
0.0077 
0.50± 
0.0059 
0.39± 
0.0053 
0.49± 
0.0058 
0.49± 
0.0061 
0.50± 
0.006 
0.46± 
0.0055 
0.36± 
0.0053 
0.41± 
0.0051 
2.38± 
0.011 
0.07± 
0.0038 
0.05± 
0.0029 
0.65± 
0.0069 
Fe2O3 
0.85± 
0.0065 
1.02± 
0.007 
0.80± 
0.0057 
0.71± 
0.0058 
0.85± 
0.0065 
0.82± 
0.0064 
0.69± 
0.0052 
0.49± 
0.0042 
0.57± 
0.0047 
0.79± 
0.0055 
0.75± 
0.0053 
0.59± 
0.0046 
1.11± 
0.006 
0.85± 
0.0053 
0.54± 
0.0053 
0.44± 
0.0038 
5.61± 
0.009 
3.81± 
0.012 
SrO 
0.12± 
0.0018 
0.08± 
0.002 
0.07± 
0.001 
0.13± 
0.0016 
0.07± 
0.0017 
0.10± 
0.0017 
0.08± 
0.00066 
0.09± 
0.00063 
0.09± 
0.00073 
0.11± 
0.00064 
0.12± 
0.00067 
0.12± 
0.00065 
0.07± 
0.00063 
0.12± 
0.00059 
0.08± 
0.0007 
0.05± 
0.00062 
0.05± 
0.00033 
0.10± 
0.0012 
CuO 
0.49± 
0.0041 
0.88± 
0.0054 
2.65± 
0.007 
1.80± 
0.007 
2.39± 
0.008 
1.70± 
0.006 
3.25± 
0.007 
0.74± 
0.0033 
2.56± 
0.006 
0.35± 
0.0028 
0.30± 
0.0026 
0.07± 
0.0019 
0.16± 
0.0021 
0.10± 
0.0018 
0.04± 
0.0017 
0.02± 
0.0014 
_ 
1.07± 
0.005 
SnO2 
0.08± 
0.0038 
0.12± 
0.0049 
0.04± 
0.0019 
0.20± 
0.0045 
0.20± 
0.0049 
0.12± 
0.0042 
0.39± 
0.0035 
0.09± 
0.0025 
0.44± 
0.0048 
0.07± 
0.0018 
0.07± 
0.002 
0.03± 
0.0013 
0.02± 
0.00098 
_ 
0.02± 
0.0012 
_ _ 
0.10± 
0.0044 
Sb2O5 
1.02± 
0.006 
0.83± 
0.0056 
0.64± 
0.0046 
0.58± 
0.0042 
0.86± 
0.0051 
0.77± 
0.0049 
3.46± 
0.008 
3.44± 
0.009 
1.41± 
0.006 
4.07± 
0.008 
4.22± 
0.009 
3.26± 
0.008 
4.27± 
0.009 
2.03± 
0.007 
3.10± 
0.008 
1.68± 
0.006 
_ 
0.59± 
0.0085 
Ta2O5 
0.47± 
0.013 
0.50± 
0.018 
_ 
0.44± 
0.021 
_ 
0.46± 
0.021 
_ 
0.23± 
0.011 
_ _ 
0.45± 
0.0085 
0.43± 
0.0057 
0.35± 
0.0066 
0.36± 
0.0056 
0.33± 
0.0049 
0.30± 
0.0043 
_ _ 
CoO 
0.01± 
0.0018 
0.01± 
0.0019 
0.01± 
0.001 
_ 
0.01± 
0.0013 
_ _ 
0.02± 
0.0021 
0.00326± 
0.00079 
_ 
0.01± 
0.0011 
0.02± 
0.0014 
0.11± 
0.0023 
0.07± 
0.0019 
_ _ _ _ 
PbO 
19.31± 
0.03 
22.66± 
0.03 
6.61± 
0.013 
16.27± 
0.03 
18.95± 
0.03 
17.48± 
0.03 
0.06± 
0.0019 
0.09± 
0.014 
0.13± 
0.0017 
0.29± 
0.0038 
0.35± 
0.004 
0.27± 
0.0021 
0.18± 
0.0021 
0.04± 
0.0011 
0.05± 
0.0011 
0.19± 
0.0018 
_ 
2.00± 
0.007 
Total2 99.90% 99.90% 99.55% 99.93% 99.25% 99.92% 99.73% 99.66% 99.81% 98.96% 99.29% 99.62% 99.56% 99.88% 99.67% 99.84% 96.41% 99.41% 
1 Sample: Sample names as the first one or two letter of their colours, 2Other Oxides: Ba, Te, Mo, V2O5, I, Br, Nb2O5, 
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4.1. Base Glass 
Elemental composition of each sample was identi-
fied with XRF analysis. Results show that glass tes-
serae are soda lime silica and lead glasses composed 
of SiO2 (56.05%-76.21%), Na2O (5.67%-10.51%) and 
CaO (6.69%-9.59%) (Table 3). Lead glasses contain 
higher amounts of PbO (n.d-22.66%) in yellow and 
green samples, which is a peculiar glass characteris-
tic, responsible for the strong colours and lower 
melting point of the glass batch (Vandini et al., 2006). 
 Analysed tesserae from Antandros show low 
MgO (0.94%-1.25%) and low K2O (0.26%-0.84%) 
(Figure 4) which indicates that the glass tesserae are 
natron type glass (Brill, 1999). Another fact that indi-
cates the use of natron is the considerable amounts 
of Cl (0.55%-1.11%) and SO3 (0.23%-1.22%) which 
exist as deposits in sodium carbonates (Silvestri et al., 
2012b). Furthermore lower (< 0.15%) P2O5 contents 
(0.16%-0.51%) also indicate the use of natron (Sayre 
and Smith, 1961). 
 
Figure 4. K2O% versus MgO% diagram of glass tesserae. 
Based on magnesium and potassium levels, of an-
alysed Antandros tesserae are natron based glasses, 
however, the detected Na2O levels are lower than 
natron glasses as determined in literature (12-20%) 
(Table 4) except black tesserae (B) (10.51%). 
Therefore, a comparison with similar studies re-
lated with glass tesserae was done to clarify the glass 
production period and the compositional group. In 
Table 4 concentrations of SiO2, Na2O, CaO, Al2O3, 
MgO, K2O and MnO were compared since they are 
diagnostic for compositional groups. In Table 4, ana-
lysed glasses show similar concentrations with pre-
vious studies except for Na2O. In addition, analysed 
tesserae were compared with Roman blue-green 
glasses by Jackson et al., 1991 and glass groups iden-
tified by Freestone, 2006, from Levant to Egypt be-
tween 4th to 8th centuries (Table 5). They are all na-
tron based glasses and exhibit different major and 
minor oxides due to impurities in the sand and flux. 
Also, glasses were compared with Early Islamic 
plant ash glasses (Freestone et al., 2002; Gratuze and 
Barrandon, 1990; Silvestri et al., 2012b; Tite et al., 
2007). 
Another comparison was made with Byzantine 
mosaic glass that was identified by Vandini et al., 
2006 and Arinat et al., 2014. The analyzed tesserae 
exhibit similar compositions to that Late Byzantine 
glass from Dafni in Greece, in Late Byzantine, 11th 
century A.D and 6th to 7th century A.D glass mosaic 
tesserae from the Cross church in Jerash in northern 
Jordan which contains lower levels of natron (5-13%). 
In comparison, it is shown that glass tesserae ex-
hibit similar compositions with natron type glasses 
(Roman type glasses), except for lower natron levels. 
It can be suggested that Antandros mosaic glass may 
have been produced in 7th century AD. Another sug-
gestion is that, natron may have been provided from 
a new flux source due to the shortage of Egyptian 
mineral soda or due to economic reasons glass man-
ufacturers succeeded to produce same glass with 
low flux addition. 
In literature, Pergamon (4th-14th century AD) and 
Aphrodisias (5th -7th century AD) glasses contained 
different alkali and alkali earth materials such as 
boron, lithium and strontium which indicates a dif-
ferent flux source in western Anatolia surrounding 
Pergamon (Brill, 1988; Schibille, 2011). Another com-
parison was made on CaO and Al2O3 contents as 
they reflect the silica source. CaO (6.81% to 9.59%) 
and Al2O3 (2.14% to 3.13%) contents are compared in 
Figure 5 with reference data obtained by Freestone 
with Wadi Natrun, Egytp II, Bet Eli’ezer, Levantine I 
and HIMT glasses from Mediterranean Area (4th -9th 
A.D) to evaluate the possible origin of the glass. Ac-
cording to Figure 5, the sand used in the manufac-
ture of Antandros glasses show similar concentra-
tions with Levantine I glass (Freestone, 2005). How-
ever, black tesserae show different characteristics 
from Levantine I group glasses. 
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Figure 5. CaO% versus Al2O3% diagram of glass tesserae. Source: (data except Antandros from Freestone, 2005) 
Besides alumina, iron oxides and titanium oxides 
are important to define the different sand sources. In 
Figure 6, Fe2O3 versus Al2O3 graph, data are com-
pared with five glass groups (Freestone et al., 2002) 
and Antandros glasses show similarities with Levan-
tine I group. In this graph, black and red tesserae are 
similar with the high iron magnesia titanium (HIMT) 
group glasses due to their higher iron contents. 
 
Figure 6. Fe2O3 % versus Al2O3% diagram of glass tesserae. Source: (data except Antandros from Ceglia et al., 2015) 
The TiO2 levels (0.08%-0.14%) indicate that glasses 
were produced by the same silica sources. When an-
alyzed tesserae were compared with TiO2 levels of 
Levantine glasses, it can be suggested that glasses 
were produced with the sand from Levantine coast 
due to their low TiO2 levels (Foy, 2000; Freestone et 
al., 2015). 
Strontium levels also indicate the source of the 
sand as either coastal or inland sands. Strontium 
concentrations are derived from the shell fragments 
in the sand (Freestone, 2005; Freestone et al., 2003; 
Silvestri et al., 2008; Wedepohl and Baumann, 2000; 
Werf et al., 2009). Analyzed tesserae have high 
amounts of SrO (0.05%-0.13%) that indicates the use 
of coastal sand in the glass manufacture except for 
black tesserae. 
These results suggest that all the Antandros glass-
es were produced by using coastal sand as Levantine 
I glasses (Freestone, 2005) except black tesserae. 
Black tesserae may have been produced with a dif-
ferent sand and natron source. 
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Table 4. Comparison of chemical compositions of glasses with similar studies 
 
Table 5. Comparison of Antandros glasses with glass composition groups 
    Roman Late Roman Byzantine Early Islamic Early Islamic 
    Blue-green HIMT Levantine I Levantine II Plant ash 
   Antandros (Jackson et al., 1991) (Freestone et al., 2002) (Freestone and Gorin-Rosen, 1999) (Freestone, 2000) Freestone&Leslie (unpublished) 
 4th AD 1-3rd A. D 4-5th A. D 6-7th A. D 7-8th A. D 10-13th A. D 
SiO2 56.05-76.21 na 65.80 69.30 74.90 70.50 
Na2O 5.67-10.51 18.40 18.00 15.60 12.10 12.50 
CaO 6.69-9.59 6.43 5.99 9.17 7.16 8.55 
Al2O3 2.14-3.31 2.33 2,69 3.03 3.32 1.06 
MgO 0.94-2.22 0.55 0.94 0.59 0.63 2.72 
K2O 0.26-0.84 0.69 0.46 0.63 0,46 1.89 
MnO 0.05-2.38 0.26 1.51 <0.1 <0.1 1.00 
FeO 0.44-5.61 0.6 2.18 0.45 0.52 0.40 
Source: Freestone and Hughes, 2006 
 Glass tesserae Glass 
 
XRF SEM/EDS EPMA EMPA 
WDS-
EPMA 
SEM/EDS ICP-MS EPMA EDS-WDS ICP EPMA EPMA 
   2017 (Paynter et 
al., 2015) 
(Schibille et 
al., 2012) 
(Silvestri et 
al., 2011) 
(Arletti et 
al., 2011a) 
(Croveri et al., 
2010) 
(Werf et al., 
2009) 
(Arletti et 
al., 2006b) 
(Mass J. L 
et al., 2002) 
(Costagliola 
et al., 2000) 
(Schibille, 
2011) 
(Rehren et 
al., 2015) 
  
Antandros 
4th AD 
West Clac-
ton, 2nd AD 
Sagalassos 
6th AD 
Padova 
Italy (6th 
AD) 
Florence 
Baptistery 
4th -5th AD 
Enna Italy, 3rd 
-4th AD 
Herculane-
um Italy 1st 
AD 
Pompeii Amorium 
Florence 
Italy 
Pergamon Pergamon 
SiO2 56.05-76.21 53.69-69.30 45.02-71.23 63.8-70.4 40.07-64.21 58.66-68.35 55.00-68.07 46.35-98.65 52.8-69.4 43.38-98.25 65.85-73.49 65.0-73.1 
Na2O 5.67-10.51 13.30-19.13 12-20.55 13.3-18.7 1.78-14.39 16.65-20.76 7.95-19.76 0.08-18.23 13.0-19.2 nd-18.00 14.51-18.57 14.8-18.9 
CaO 6.69-9.59 4.80-7.68 4.45-7.83 5.2-9.1 4.42-10.60 4.82-7.44 2.82-10.97 0.02-14.30 6.6-10.7 0.07-18.30 6.24-9.10 5.3-8.6 
Al2O3 2.14-3.31 1.82-2.58 1.64-3.28 1.79-2.51 0.55-2.84 0.92-2.17 1.05-3.04 0.01-2.81 2.1-3.0 0.45-4.77 1.78-3.13 1.68-2.59 
MgO 0.94-2.22 0.34-2.79 0.42-1.42 0.41-1.28 0.74-4.24 0.74-2.56 0.25-2.12 0.01-1.01 0.5-2.7 0.14-3.23 0.38-0.95 0.32-0.68 
K2O 0.26-0.84 0.54-2.11 0.28-1.71 0.39-0.79 0.68-25.37 0.61-1.50 0.49-4.13 nd-0.9 0.5-1.6 nd-5.05 0.44-0.78 0.37-1.11 
FeO 0.44-5.61 0.52-1.69 0.40-7.67 0.31-1.25 0.24-2.05 0.47-2.10 0.53-3.01 nd-0.92 0.38-5.4 0.17-2.39 0.29-2.85 0.22-1.39 
MnO 0.05-2.38 <0.1-0.93 0.04-1.75 <0.05-2.00 0.05-2.6 nd-1.05 0.07-1.22 nd-5.44 0.03-2.6 nd-2.65 nd-3.66 nd-1.43 
EMPA: Electron microprobe analysis 
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4.2. Opacifiers and Colorants 
Opacifiers of the glasses were determined by XRD 
analysis. Shapes, sizes and distribution of the opaci-
fiers were determined by SEM analysis. Abundance 
of crystals were calculated using XRF results. Anti-
mony based opacifiers were detected. 
 Considerable amounts of antimony in glass com-
positions (0.59-4.27 %) were determined, except 
black sample. The XRD analysis and BSE images 
confirmed that small crystals were dispersed in the 
glassy matrix with different shapes and sizes. 
 Lead antimonate crystals (yellow-Pb2Sb2O7) were 
identified in yellow and green tesserae (Figure 7). 
They are both densely and homogenously dispersed 
in yellow and green glass. 
 The amount of Pb2Sb2O7 crystals dispersed in the 
matrix is approximately 1.38% to 2.43%. The size of 
crystals varies between 0.3 µm-1.2 µm. Lead antimo-
ny was determined with euhedral and tiny acicular 
in yellow and tiny acicular shapes in green samples 
as they were produced by ex situ crystallization 
(Figure 8). Similar observations had been obtained 
by Lahlil et al., 2008; Schibille et al., 2012; Silvestri et 
al., 2012b. 
 
Figure 7. XRD pattern of yellow tesserae 
 
Figure 8. BSE images of Pb antimonate crystals as hexagonal in yellow (left) and tiny acicular in green (right)
 Calcium antimonate crystal (white-CaSb2O6) were 
identified in turquoise, blue, cyan, white and brown 
tesserae. The BSE images of blue, turquoise, dark 
turquoise, and cyan samples shows different density 
of Ca antimony crystals than semi opaque white and 
blue samples. They are densely and homogenously 
well dispersed in the glassy matrix. They have euhe-
dral (hexagonal) shapes which indicates that the 
glass was opacified with in situ crystallization by 
adding roasted stibnite to the glass melt (Figure 9) 
(Schibille et al., 2012).  
Total amount of dispersed crystals in the matrix is 
approximately 3.64% to 4.95%. The size of crystals 
varies between 0.1 µm- 1 µm. In the XRD analysis, 
CaSb2O6 diffraction patterns confirm the crystals in 
BSE images (Figure 10). 
In BSE images of semi-opaque white tesserae, a 
few Ca-antimony crystals were determined dis-
persed in the matrix which is less than the other tes-
serae. In semi, opaque blue tesserae, the glassy ma-
trix contains a few Ca antimony crystals similar with 
the white glass. The number of particles per unit 
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volume indicates different opacity degrees in Ca an-
timony glasses. Therefore, it can be suggested that 
Pb antimony is a more effective opacifier than the Ca 
antimony. 
 
Figure 9. XRD pattern of light brown tesserae 
 
Figure 10. BSE images of Ca antimonate crystals as hexagonal in blue (a), cyan (b), dark turquoise (c), and turquoise (d). 
Colorants of the glasses were determined by XRF 
analysis (Table 3). All analyzed tesserae were col-
ored by transition metal compounds. The colorants 
are cobalt, copper, manganese and iron that are typi-
cal of the Roman Period (Henderson, 1991; Lahlil et 
al., 2010a, 2010b, 2008; Werf et al., 2009). They dis-
solve in the glass melt in varying oxidation states or 
precipitate as metals by redox reactions giving color 
to the glass (Möncke et al., 2014). 
Green color of the Lg, Dg1, Dg2, G1 and G2 tes-
serae were obtained by adding Pb2Sb2O7 (yellow) to 
the transparent blue glasses. Based on the theory of 
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color, the addition of yellow to blue modifies the 
color towards greenish hues, in opaque glass this 
effect can be obtained by introducing yellow crystals 
in a transparent blue glass. CuO (0.88-2.65 wt %) 
were also responsible for the greenish hues of the 
glasses with Pb2Sb2O7 (Arletti et al., 2006a; Croveri et 
al., 2010). Therefore the variability of green tonality 
is certainly due to the abundance of copper oxide 
and contribution of bindheimite (yellow lead anti-
monite) crystals in varying amounts (Werf et al., 
2009). The source of copper might be tin bronze due 
to the presence of tin oxide in the chemical composi-
tion of the green tesserae due to weight percent ratio 
of tin to copper as approximately 0.1 (Brill, 1988; 
Brun et al., 1991; Freestone, 1987; Gedzevičiute et al., 
2009; Henderson, 1985; Werf et al., 2009). 
As in green tesserae, yellow tesserae (Yt) contain 
higher PbO content, however contain lower amount 
of CuO than green tesserae. Higher amount of PbO 
in the form of lead antimonite, responsible for the 
yellow color, was detected in XRF, XRD analysis and 
SEM-BSE images. The use of lead antimonate crys-
tals are noted as both opacifying and coloring agent 
for yellow and green tesserae in Roman and Byzan-
tine Period (Croveri et al., 2010; Schibille et al., 2012; 
Werf et al., 2009). 
White tessera contains Sb2O5 (1.68%) and low 
amounts of transition metal oxides, which are re-
sponsible for the intense colors. The Sb2O5 levels are 
lower than the other opaque glasses due to its semi 
opaque appearance. In recent studies, it has been 
indicated that white Roman and Byzantine glass tes-
serae were obtained using CaSb2O6 (~0.5%) (Schibille 
et al., 2012; Werf et al., 2009). 
Turquoise and cyan tesserae (T1, T2, Dt, C1, C2) 
contain high amounts of CuO (3.25%, 0.74%, 2.56%, 
0.35%, 0.30%) and lower CoO (nd, 0.02%, 0.003%, nd, 
0.01%) respectively. In a soda lime silica glass, cobalt 
and copper ions both give blue color to the glass. 
Copper gives a greenish hue, whereas cobalt gives a 
deep blue color. Cobalt has higher absorption coeffi-
cient than the copper ions, therefore a few ppm of 
cobalt ions is enough to give bluish hue to the glass 
(Brill, 1999; Fiori and Macchiarola, 1998; Freestone 
and Bimson, 1995; Licenziati and Calligaro, 2015; 
Mirti et al., 2002; Nenna, 1999). The amount of cop-
per and cobalt ions are directly related to the green 
and blue hue of the glass color. Different shades of 
turquoise and cyan can be obtained by introducing 
variable amounts of Ca-antimony that whiten and 
brighten up the color. This can be seen in the ana-
lyzed light turquoise tesserae (T1 and T2), that ex-
hibit higher contents of Sb2O5 (3.46%, 3.44%) than the 
dark turquoise (Dt) (1.41%). Regarding the cyan tes-
serae (C1, C2), they exhibit higher amounts of Sb2O5 
(4.07%, 4.22%) levels than the light turquoise sam-
ples. In turquoise and cyan tesserae, relative per-
centages of SnO2 and CuO may be dependent on the 
use of a tin bronze as the copper source similar with 
yellow and green tesserae. In recent studies, the use 
of copper has been noted in Roman glasses to obtain 
blue-green colors (Arletti et al., 2011b; Croveri et al., 
2010; Verita, 2000; Werf et al., 2009). 
Blue tesserae (Lb, Bv-O, Bv-So) exhibit slightly 
higher cobalt levels (0.02%, 0.11%, 0.07%) responsi-
ble for the blue color of the glass. According to litera-
ture, cobalt is associated with copper, arsenic, iron or 
nickel, however any element related with the cobalt 
source was determined in the analysis (Arletti et al., 
2006b; Fiori and Vandini, 2004; Henderson, 2000; 
Silvestri et al., 2012a). In addition, for the cobalt 
source an iron rich ore may have been used due to 
the higher iron levels of the blue glasses. 
Dark red tessera contains high amounts of CuO 
(1.07%), Fe2O3 (3.81%), PbO (2.00%) and SnO2 (0.1%). 
Iron and the copper ions are responsible for the red 
color of the glass. Iron is the most utilized colorant 
agent of the glass which is naturally found in the 
sand as an impurity. High iron content of the red 
glass suggests that it was intentionally added as a 
reducing agent for the copper (Brill, 1988). Copper 
gives bright red color of the glass as cuprite (CuO2) 
which is a typical characteristic of the red glasses 
Freestone, 1987. Considerable amounts of tin indi-
cates that copper was not added in the form of cop-
per metal, it was added as bronze scale which dis-
solves easily (Brill and Cahill, 1988). 
However, dark red tesserae contain much lower 
amounts of copper than ancient bright red colored 
tesserae also in the microstructural analysis there are 
no cuprite minerals. Consequently, it can be sug-
gested that lower copper ions are responsible for the 
brownish red color and higher iron levels are re-
sponsible for the dark color of the Antandros dark 
red tesserae. 
Black glass tesserae contain higher Fe2O3 (3.81%) 
and MnO (0.05%) and do not contain other transition 
metal oxides or Sb2O5. Ancient black glasses were 
produced by intentional addition of iron and man-
ganese oxides to the glass batch without addition of 
other coloring agents (Henderson, 1985; Mass J. L et 
al., 2002). There were two types of black glasses with 
respect to their iron concentrations. If black glass 
contains low amounts of iron oxides (1-2% Fe2O3) 
this type of glass was produced in the Early Roman 
period, whereas if they contained high amounts of 
iron oxides (4-10% Fe2O3), they are produced after 
150 AD. In addition, considering antimony concen-
trations of the glass, Levantine group glasses are 
contain antimony, however, Egyptian glasses do not 
contain antimony (Van Der Linden et al., 2009). Thus, 
black glass exhibits a different compositional charac-
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teristic from other analyzed glass tesserae and may 
have been produced in a different period. 
Light brown tesserae contain significant amounts 
of MnO (2.38%) and Sb2O5 (3.10%) which give the 
light brownish color to the glass. Manganese has 
been used as a colorant and a decolorizer and also as 
an oxidizer of iron ions which is balancing the green-
ish brown color of the raw glass (Fiori, 2015; Silvestri 
et al., 2012b; Vandini et al., 2006). Higher magnesium 
levels give an orange color to the glass (Möncke et al., 
2014). Therefore, high amounts of Sb2O5 balance the 
orange color and provide a brownish color. 
5. CONCLUSION 
Antandros mosaic glass tesserae contradict historical 
Roman glass regarding the natron levels as fluxing 
agent which were traded from the Wadi Natrun in 
Egypt. Glasses were produced in a limited number 
of primary glass production centres with pure soda 
coming from the Wadi Natrun in Egypt and the sand 
was obtained locally. Later the produced glass 
batches were exported to secondary glass production 
centres where the glasses were turned into final 
products. In Roman Period, before the depletion of 
natron sources, glasses were produced with pure 
soda and contained higher amounts of natron. Alt-
hough, Antandros glasses exhibited similar charac-
teristics to Roman glasses, they have lower natron 
levels. This is supporting two production possibili-
ties in the production of Antandros glasses. First, 
natron might have been provided from another or a 
new source due to the shortage of natron in Wadi 
Natrun. Second, glass manufacturers succeeded in 
producing glass with low flux addition due to eco-
nomic reasons. Regarding the silica sources, in the 
production of Antandros tesserae, coastal sand was 
used from Palestine coast similar with Levantine I 
group glasses except for black tesserae.  
Glasses were all opacified with antimony oxides 
and coloured with transition metal oxides. These are 
typical characteristics of Roman period except black 
tesserae which do not contain antimony oxides. The 
amount of the colorants and their abundance effects 
the hue and brightness of the glass. In addition, 
composition of the glass influences the effects of the 
colorants especially the amount of opacifiers influ-
ence the effect of the colorants. Furthermore, colori-
metric coordinates of the glasses are in accordance 
with the chemical composition of the Antandros 
glasses. Antandros glasses were most probably pro-
duced in a nearby local production centre in Assos 
ancient city. Besides lower natron levels, all the ana-
lysed glasses were soda lime silica glasses that show 
similar compositions of Roman antimony-
decoloured glasses except black one. Black tesserae 
exhibit a different production technology and raw 
materials. It may have been produced at a different 
production period. Analytical data of glass from An-
atolia and potential silica sources in the region are 
insufficient thus more analytical studies need to be 
conducted. 
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